Agenesis of the corpus callosum (ACC) is a common brain malformation which can be observed either as an isolated condition or as part of numerous congenital syndromes. Therefore, cognitive and neurological involvements in patients with ACC are variable, from mild linguistic and behavioral impairments to more severe neurological deficits. To date, the underlying genetic causes of isolated ACC remains elusive and causative genes have yet to be identified. We performed exome sequencing on three acallosal siblings from the same non-consanguineous family and identified compound heterozygous variants, p.
INTRODUCTION
Agenesis of the corpus callosum (ACC), the largest connective structure in the brain which assures transfer of information between the two cerebral hemispheres, is a common brain malformation which can be observed either as an isolated condition (ORPHA200), or as a manifestation of more complex malformation syndromes. 1,2 Its estimated prevalence is 3-7 per 1000 births and it is found in 3-5% of individuals with neurodevelopmental disorders. 3 The exact prevalence of isolated ACC, (ie, with no additional neuroanatomical abnormalities), is unknown but it has been estimated to be 0.5/10 000. 3 The corpus callosum comprises 4190 million axons which participate in a wide range of cognitive functions such as language and the integration of sensory information between hemispheres. 1 Among individuals with isolated ACC, 75% will have normal intelligence whereas 25% will present with variable degrees of intellectual disability. 3 To date, the genetic cause is identifiable for 30-45% of individuals with ACC with around 10% of them having chromosomal anomalies and the remaining 20-35% with recognizable genetic syndromes with a mutation affecting a single gene. 1,2 However, no single causative gene for isolated ACC has been identified. 1 To identify novel causative genes for isolated ACC we sequenced the exomes of three non-syndromic acallosal siblings from the same family. We identified compound heterozygous variants in the CDK5RAP2 gene that segregate with ACC in this family. Interestingly, CDK5RAP2 is also known as MCPH3, a causative gene for autosomal recessive primary microcephaly, in which the reduced brain size is believed to result from asymmetric division of neuronal progenitor cells causing a reduced number of neurons in addition to mitotic arrest and cell death. 4, 5 This is the first report of CDK5RAP2 recessive variants in isolated ACC which suggests a role of CDK5RAP2 into the pathogenesis of ACC and offers insights into early stages of corpus callosum development.
MATERIALS AND METHODS Patients
The probands are three French Canadian acallosal siblings, two daughters (II-1 and II-2) and one son (II-3).
II-1: the first daughter (163 cm) is a 53-year-old right-handed woman with an IQ of 84 (tested at 29 years with WAIS-R, low average) and a head circumference of 56.5 cm (85th percentile). 6 She has a complete ACC with preservation of the anterior commissure (Supplementary Figure S1) . She was asymptomatic except for slow acquisition of walking, but within normal limits. Her callosal agenesis was detected when she agreed to take part into a neuroradiological investigation of her family because of the presence of callosal agenesis in two of her siblings. She is presently working as an auxiliary nurse. She had some depressive symptoms that did not require treatment.
II-2: The second daughter (160 cm) is a 52-year-old right-handed woman with an IQ of 78 (tested at 24 years with WAIS-R, borderline range) and a head circumference of 53 cm (10th percentile). 6 She was born prematurely in the seventh month of pregnancy after a difficult breach birth. At the age of 3 years 6 months, she was hospitalized because of a light cranial trauma following a fall. A slow dysrhythmia without epileptic activity was found on EEG. At the age of 6 years, she was hospitalized for elective mutism and ataxia; radiological examination revealed ACC. The ataxia was the typical incoordination that is found in young children with callosal agenesis. It was a lack of motor coordination, which the child slowly grows out of -and so is not now ataxic. Both ataxia and mutism disappeared. The diagnosis was later confirmed by a CT scan at the age of 17 years and the presence of the anterior commissure was detected by MRI when she was 22 years old (Supplementary Figure S1) . At the time of testing, II-2 reported having convulsions. EEG revealed no paroxysmal activity and no epileptic activity. All evidence pointed to no epileptic seizureslikely pseudo-seizures.
II-3: The son (178 cm) is a 44-year-old left-handed man with an IQ of 77 (tested at 17 years with WAIS-R, borderline range) and head circumference is 56.2 cm (12th percentile). 6 A complete ACC with sparing of the anterior commissure was found by MRI examination (Supplementary Figure S1) . At birth, he had respiratory problems and was referred to a neurologist at 5 years of age because of prolonged enuresis, poor motor coordination and delayed acquisition of speech. At the age of 8 years, the diagnosis of ACC was confirmed by CT and MRI. At the beginning of adulthood, he had serious obsessivecompulsive disorder but this has now been resolved. He has been also reported to have mirror movements and ipsilateral corticospinal projections. 7 He has finished school but is currently unemployed.
The three acallosal siblings had learning difficulties, no neurological symptoms or signs were reported.
I-1: the father (175 cm) had a severe alcohol-abuse problem but he is now completely rehabilitated.
I-2: The mother (147 cm) had normal intelligence and no psychiatric issues were identified. Both parents had a CAT scan in 1989 and an MRI in the 90s. There were no signs of cerebral malformation. There is no consanguinity.
Exome sequencing
Whole-exome sequencing was performed and data analyzed as described elsewhere. 8 Variants were validated using Sanger sequencing (Supplementary  Table S1 ) and Mutation Surveyor (v.3.23, Softgenetics, LLC, State College, PA, USA). Variants and phenotypes have been submitted into the public database ClinVar (submission ID SCV000222772; http://www.ncbi.nlm.nih.gov/clinvar/).
RESULTS
We have used a whole-exome sequencing approach on DNA samples from three acallosal siblings from the same family (Figure 1a) . We obtained on average 12.1 Gb of high-quality sequences per sample with 94.8% of targeted bases being covered at 20 × and an average coverage of 120.5 × for the three exome-sequencing experiments (Supplementary Figure S2) . Minimal target coverage of 6 × , at least 3 reads per variant and a frequency of 15% were required for a proband variant to be called. We obtained a total of 318 658 variants for the three siblings' exomes altogether with 106 669 being shared between the three of them. We focused only on these commonly shared variants and choose to filter out (i) variants with a frequency 41% in our in-house control exome data set (n = 5620 variants left) and in public databases (1000 genomes, Complete genomics and EVS data sets; n = 819 variants left); (ii) any intronic, intergenic, UTR variants to focus only on exonic or canonical splice-sites or frameshift coding indels which were more likely to be pathogenic (n = 157 variants left); (iii) any synonymous variants (n = 118 variants left; Figure 1b) . Indeed, this figure resumes to (i), (ii) and (iii). As our pedigree clearly suggested a recessive mode of inheritance, we then prioritized genes harboring either homozygous or compound heterozygous variants. No homozygous variant was found meeting our criteria but four genes with potential compound heterozygous variants were identified: ADAMTS14 (NM_139155.2; NG_042147.1), CDK5RAP2 (NM_018249.5; NG_008999.1), IFIH1 (NM_022168.3; NG_011495.1) and OR5K1 (NM_001004736.3; NG_042151.1) (Supplementary Table  S2 ). After validation of these variants on probands and parents using Sanger sequencing, only one gene, CDK5RAP2 (cyclin-dependent kinase 5 regulatory subunit-associated protein 2) was shown to harbor compound heterozygous variants, c.
[280G4C];[3695A4G] (p.
[Gly94Arg];[Asn1232Ser]), inherited from the unaffected mother and father, respectively (Figure 1c) . On the basis of the scores obtained with in silico prediction tools, we expect the c.280G4C (p.Gly94Arg) variant to be probably damaging (SIFT (0.010), Provean (−3.431), polyphen (0.998), disease-causing variant according to Mutation Taster, LRT conservation score (0.998) and PhyloP (0.999), Supplementary Table S2 ). The second variant, c.3695A4G (p.Asn1232Ser), is predicted to be possibly damaging (SIFT (0.010), Provean (−2.874), Polyphen (0.478), polymorphism according to Mutation Taster, LRT conservation score (1.000) and PhyloP (0.998), Supplementary Table S2) . Moreover, the fact that both nucleotide positions are highly conserved among species corroborates the hypothesis that these rare variants are potentially deleterious (Figure 1c) . We also analyzed our data under a dominant mode of inheritance (ie, de novo mutation or incomplete penetrance), but we did not find any candidate variant. However, we cannot exclude that the causative variants may be located into non-coding or insufficiently covered regions.
The bi-allelic expression of the c.
[280G4C];[3695A4G] variants was validated in patient's lymphoblastoid cell lines (data not shown).
DISCUSSION
ACC is associated with a large number of human congenital syndromes that makes it difficult to evaluate its biological basis. In our study, we report rare compound heterozygous variants in CDK5RAP2 gene, p.
[Gly94Arg]; [Asn1232Ser] which are shared by three affected siblings. The first variant was later identified in 2 out of 288 unaffected individuals from a control cohort but neither compound heterozygous nor homozygous variants were found. EXAC total frequencies are 8.237e − 06 and 8.238e − 06 for the first and the second variant, respectively (Exome Aggregation Consortium (ExAC), Cambridge, MA, USA (http://exac.broadinstitute.org); in addition, these variants are expected to be damaging based on in silico prediction programs. Interestingly, CDK5RAP2 gene has an important role in neocortical expansion during brain development and its expression is particularly high within the brain, more specifically within the thalamus and corpus callosum and then strongly downregulated with brain maturation. 9 More specifically, CDK5RAP2, which encodes for an 1833 amino-acid protein, has a major role in the microtubuleorganizing function of the centrosome through interaction with the γ-tubulin ring complex (γTuRC) that mediates microtubule nucleation through a binding site localized between amino acids 58 and 90. 10 Any alteration of this binding site has been shown to cause defects on γTuRC-targeting to the centrosome, and therefore to deregulate neurogenic cell divisions. 10 It is therefore expected that c.280G4C (p.Gly94Arg) variant which is close to this binding site may disturb this key interaction and affect the underlying mechanisms that in turn lead to centrosomal function impairment.
Interestingly, CDK5RAP2 is known as MCPH3, a causative genethe rarest one -for autosomal recessive primary microcephaly. 11 To date, splicing, homozygous nonsense and compound heterozygous mutations for which both of the mutations were predicted to result into CDK5RAP2 protein truncation have been described in MCPH cases, sometimes concomitantly with agenesis, hypogenesis or abnormalities of the corpus callosum. 4, [12] [13] [14] [15] [16] In parallel, it was shown that other MCPH patients with mutations in ASPM (MCPH5) or WDR62 (MCPH2) can also exhibit ACC and that a patient with microcephaly harboring a missense in the Microcephalin gene (MCPH1) presented a less severe clinical phenotype compared with the patients with truncating mutations in the same gene. [17] [18] [19] We might therefore propose that mutations completely abolishing CDK5RAP2 protein function, such as nonsense or frameshift mutations, would lead to a microcephaly phenotype, whereas recessive missense mutations, where there may be some residual function, might result in a different phenotype such as isolated ACC. This is the first time that recessive missense mutations in CDK5RAP2 are specifically associated with corpus callosum anomalies, a finding which provides new avenues to a better understanding of the role of the centrosome into early development of corpus callosum. It will be essential to extend our screening of CDK5RAP2 gene to a bigger cohort of ACC patients in order to better describe the link between corpus callosum development and this key centrosomal protein. 
